Abstract: Spiral-coil-type horizontal ground heat exchangers (GHEs) have been increasingly used in ground source heat pump (GSHP) systems due to their higher heat transfer performance. Many attempts have been made to investigate the heat transfer mechanism and establish design methods for the spiral-coil-type ground heat exchangers. Nevertheless, a universal design method for horizontal GHEs has not been reported due to its complexity. In contrast to the spiral-coil-type horizontal GHEs, straight-line-type horizontal GHEs have been widely adopted since they are easy to design for use in industry. In this study, a scale factor model, which could be used to design the coil-type exchanger based on the design length of a straight-line-type heat exchanger, was presented. The ratio of the mean thermal transfer energy between the straight-line-type and spiral-coil-type heat exchangers was numerically investigated by considering weather condition, configuration of GHE, and thermal properties of the ground. Using the numerical results for a total of 108 cases, artificial neural network and linear regression methods were employed for the model development. The proposed model of the scale factor may provide an alternative way to design the spiral-coil-type horizontal GHEs.
Introduction
Reducing fossil energy consumption and addressing climate change are inevitable and urgent global challenges for the sustainable development of all countries [1] . One active action is to increase the use of renewable energy sources that produce low or no emissions, such as wind, solar, and geothermal energy [2] . Geothermal energy has been mainly used for the production of electricity and space heating and cooling. The use of geothermal energy is expected to increase consistently, as forecasts predict the geothermal power capacity will be over 16 GW in 2020 [3] .
In Korea, geothermal energy has mostly been utilized for heating and cooling applications through the closed-loop-type ground source heat pump (GSHP) system. A GSHP system consists of three main components: the heat pump unit, ground heat exchanger (GHE), and heat distribution system. By circulating the working fluid through a GHE, the heat can be released to the ground in summer, and extracted from the ground in winter [4] . The shares of closed-GSHP systems in Korea reached almost 80% in 2012 [5] . Two types of ground heat exchanger are generally utilized in the closed-GSHP system: one is the vertical GHE, which is installed in a borehole more than 150 m
Description of Numerical Modeling
A three-dimensional numerical model including the horizontal ground heat exchanger and the surrounding ground was developed using a finite element numerical simulator, COMSOL Multiphysics Ver. 5.2a. Governing equations used in the numerical model were identical to those in the study of Jeon et al. [25] . To simplify the numerical model, the following assumptions have been made in this study:
•
The ground was assumed to be a solid medium, not a porous medium.
The ground heat exchanger (GHE) was installed at a 2.0 m depth from the ground surface.
The material of the GHE was a high-density polyethylene (HDPE) pipe with a thermal conductivity of 0.38 W/(m·K) and a 2 mm thickness.
A three-dimensional numerical model having a size of 10 m width × 24 m length × 6 m height is shown in Figure 1 . Multiphysics Ver. 5.2a. Governing equations used in the numerical model were identical to those in the study of Jeon et al. [25] . To simplify the numerical model, the following assumptions have been made in this study:

The ground heat exchanger (GHE) was installed at a 2.0 m depth from the ground surface. 
The material of the GHE was a high-density polyethylene (HDPE) pipe with a thermal conductivity of 0.38 W/(m • K) and a 2 mm thickness.
A three-dimensional numerical model having a size of 10 m width × 24 m length × 6 m height is shown in Figure 1 . The material of the horizontal GHEs was assumed to be an HDPE circular pipe with an outer diameter of 0.02 m, 0.002 m thickness, and a surface roughness of 0.00015 mm. The horizontal GHEs were modeled as line elements with an imaginary diameter, and the soil domain was discretized using tetrahedral elements. To determine the element size, a grid independent test was conducted by monitoring the change in the outlet fluid temperature. A total number of 160,000 elements were adopted in consideration of the computation effort and accuracy of the solution. The temperature and mass flow of the inlet fluid were designated a constant temperature of 37.9 ℃ and 0.162 kg/s, respectively. Afterwards, the temperature of the outlet fluid was monitored with time. The difference between inlet and outlet fluid temperatures represented how much thermal energy was released to the surrounding ground. To evaluate the performance of the straight line and spiral-coil-type horizontal GHEs, the heat-transferred thermal energy was obtained as follows:
where ̇ is the mass flow rate (kg/s), , is the specific heat of water ( J/(kg • K)), is the temperature of the inlet fluid (K), is the temperature of the outlet fluid (K), and L is the length of the ground heat exchanger (m).
Although a mixture of water with antifreeze is generally used as the circulating fluid for GHEs to ensure the stability of the GSHP system in cold climates, only water was considered in this study. In addition, the properties of the ground as well as those of the circulating fluid were assumed to be constant. Because the ground temperature has a significant effect on the performance of the horizontal ground heat exchanger, the ground temperature distribution with varying time and depth should be considered [26] [27] [28] [29] . Based on the pure heat conduction theory, an analytical solution for the ground temperature distribution was employed [30] . The material of the horizontal GHEs was assumed to be an HDPE circular pipe with an outer diameter of 0.02 m, 0.002 m thickness, and a surface roughness of 0.00015 mm. The horizontal GHEs were modeled as line elements with an imaginary diameter, and the soil domain was discretized using tetrahedral elements. To determine the element size, a grid independent test was conducted by monitoring the change in the outlet fluid temperature. A total number of 160,000 elements were adopted in consideration of the computation effort and accuracy of the solution. The temperature and mass flow of the inlet fluid were designated a constant temperature of 37.9 • C and 0.162 kg/s, respectively. Afterwards, the temperature of the outlet fluid was monitored with time. The difference between inlet and outlet fluid temperatures represented how much thermal energy was released to the surrounding ground. To evaluate the performance of the straight line and spiral-coil-type horizontal GHEs, the heat-transferred thermal energy was obtained as follows:
where .
m is the mass flow rate (kg/s), C p, f is the specific heat of water (J/(kg·K)), T in is the temperature of the inlet fluid (K), T out is the temperature of the outlet fluid (K), and L is the length of the ground heat exchanger (m).
Although a mixture of water with antifreeze is generally used as the circulating fluid for GHEs to ensure the stability of the GSHP system in cold climates, only water was considered in this study. In addition, the properties of the ground as well as those of the circulating fluid were assumed to be constant. Because the ground temperature has a significant effect on the performance of the horizontal ground heat exchanger, the ground temperature distribution with varying time and depth should be considered [26] [27] [28] [29] . Based on the pure heat conduction theory, an analytical solution for the ground temperature distribution was employed [30] .
where T avg is the annual average soil temperature ( • C), A s is the annual amplitude of the surface temperature ( • C), ∝ is the soil diffusivity (m 2 /s), t is the time of year, and ϕ is the phase change (radian). The initial temperature was assumed to be uniform and identical to the ground temperature distribution. All the boundaries, except the ground surface (i.e., bottom and side boundaries), were thermally insulated.
Parametric Study
To investigate the performance difference between the straight line and spiral-coil-type GHEs, a scale factor that was defined as the ratio of the mean thermal transferred energy for the spiral-coil-type GHE to that for the straight-line-type GHE was introduced.
The considered factors used in the parametric study were mainly categorized into four parts: weather conditions, configuration of the spiral-coil-type GHE, thermal properties of the ground, and time ( Figure 2) . The values of considered factors were determined based on the investigation of previous studies: weather conditions [31] , configuration of the spiral-coil-type GHE [19, [32] [33] [34] [35] and thermal properties of the ground [13, [35] [36] [37] [38] . The range of these factors was chosen more conservatively than previous studies in order to cover typical conditions used in the real field ( Table 1) . The thermal properties of the ground represent the thermal properties of not only general ground but also the backfill material, such as controlled low-strength material (CLSM), thermally enhanced backfilling material, etc. Although the backfill is generally performed using the excavated soil, the new backfill material was recently employed in order to improve workability and performance of the spiral-coil-type ground heat exchanger [39, 40] . In addition, the high thermal conductivity of the ground which is scarce in nature at shallow depths was investigated for the purpose of research. where is the annual average soil temperature (℃), is the annual amplitude of the surface temperature (℃), ∝ is the soil diffusivity (m 2 /s), is the time of year, and is the phase change (radian).
The initial temperature was assumed to be uniform and identical to the ground temperature distribution. All the boundaries, except the ground surface (i.e., bottom and side boundaries), were thermally insulated.
Scale factor =
The considered factors used in the parametric study were mainly categorized into four parts: weather conditions, configuration of the spiral-coil-type GHE, thermal properties of the ground, and time ( Figure 2) . The values of considered factors were determined based on the investigation of previous studies: weather conditions [31] , configuration of the spiral-coil-type GHE [19, [32] [33] [34] [35] and thermal properties of the ground [13, [35] [36] [37] [38] . The range of these factors was chosen more conservatively than previous studies in order to cover typical conditions used in the real field ( Table 1) . The thermal properties of the ground represent the thermal properties of not only general ground but also the backfill material, such as controlled low-strength material (CLSM), thermally enhanced backfilling material, etc. Although the backfill is generally performed using the excavated soil, the new backfill material was recently employed in order to improve workability and performance of the spiral-coil-type ground heat exchanger [39, 40] . In addition, the high thermal conductivity of the ground which is scarce in nature at shallow depths was investigated for the purpose of research.
Consideration of the phase change ( ) of weather conditions was excluded because it represents the regional characteristics and is generally ignored in the design stage (considering only the highest and lowest ground temperatures). To investigate the main and interaction effects, all combinations were considered in this study. Consideration of the phase change (ϕ) of weather conditions was excluded because it represents the regional characteristics and is generally ignored in the design stage (considering only the highest and lowest ground temperatures). To investigate the main and interaction effects, all combinations were considered in this study.
Effect of Weather Conditions
Nine cases were considered to investigate the effect of the weather conditions on the scale factor, as listed in Table 2 . Except the weather conditions, all parameters were fixed as constant values. The radius of coil, pitch size of coil, thermal conductivity of the ground, and specific heat capacity of the ground were set to 0.15 m, 0.3 m, 2.4 W/(m·K), and 900 J/(kg·K), respectively. The variations of the scale factor corresponding to each case are depicted in Figure 3 . Although small fluctuations were observed during the initial 20 h, the overall trend was quite similar in all cases. To highlight the differences between the scale factors, relative errors were calculated by selecting Case 4 as a base case, where the annual soil temperature is 16 • C and the annual amplitude of the surface temperature is 10 • C. As summarized in Table 3 , the influence of the weather conditions on the scale factor could be ignored because the maximum value of the average relative errors was less than 1% (exactly, 0.507%). However, this does not mean that the influence of the weather conditions on the performance of horizontal ground heat exchangers is negligible. Although the performance of the straight-line and spiral-coil-type GHEs changed with the weather conditions, there were only small changes in the scale factor because the increasing/decreasing rate of performance was identical. 
Effect of Thermal Properties of the Ground
To evaluate the effect of the thermal properties of the ground, different values of specific heat, density, and thermal conductivity of the ground were considered, as shown in Table 4 . The mean transferred thermal energy values for each case were plotted in Figure 4 . From Case 1 to Case 3, the specific heat and density were different with identical thermal conductivity and volumetric heat capacity values. Figure 4a shows the plots of the mean transferred thermal energy for Case 1, 2, and 3. It indicates that the mean transferred thermal energies were exactly the same. Figure 4b describes the mean transferred thermal energy obtained from Case 4-9. The density of the ground was fixed as a constant for Case 4, 5, and 6, and the specific heat was constant in Case 7, 8, and 9. The results for Case 4, 5, and 6 were equal to those of Case 7, 8, and 9, respectively. Even though the specific heat and density were different, the mean transferred thermal energies were identical if the volumetric heat capacity and thermal conductivity were equal. This implies that the variations in the specific heat and density have no influence on the performance of the horizontal GHE if the volumetric heat capacity is identical. As the volumetric heat capacity increases, the rate of ground temperature with respect to the first and second case, respectively. As the thermal conductivity of the ground increased, the scale factor also increased when the ratio of the radius to pitch size was less than unity, approximately. Above this ratio, however, the scale factor decreased even though the thermal conductivity of the ground increased. Similar trends were also observed when the values of the product of the volumetric heat capacity and the thermal conductivity were varied. Unlike the results of Case A, however, the value of scale factor increased only in the initial 30 h as the value of the product of the volumetric heat capacity and the thermal conductivity decreased when the ratio of the radius to pitch size was higher than unity. These results imply that the effects of the ground thermal properties (thermal conductivity and volumetric heat capacity) and the spiral coil configuration have to be considered simultaneously to determine the scale factor. Based on the above findings, three additional cases were considered for investigating the effect of the thermal properties of the ground in more detail:
• Case A. The increase/decrease in the thermal conductivity when the volumetric heat capacity is identical (k g = 1.5, 2.4, 3.0 W/(m·K), C p,g ·ρ g = 1800 kJ/ kg·m 3 ).
•
Case B. The increase/decrease in the product of the volumetric heat capacity and the thermal conductivity when the thermal diffusivity is identical (C p,g ·ρ g ·k g = 1687.5, 4320, 6750 kJ/ K·m 3 ·W/(m·K), ∝ = 1.333 mm 2 /s).
Case C. The increase/decrease in the volumetric heat capacity when the thermal conductivity is identical (C p,g ·ρ g = 1125, 1800, 2250 kJ/ K·m 3 , k g = 1.5 W/(m·K)).
Figures 5 and 6 present variations in the scale factor with pitch sizes (0.1 m, 0.3 m, 0.5 m) and coil radii (0.1 m, 0.3 m, 0.5 m) with respect to the first and second case, respectively. As the thermal conductivity of the ground increased, the scale factor also increased when the ratio of the radius to pitch size was less than unity, approximately. Above this ratio, however, the scale factor decreased even though the thermal conductivity of the ground increased. Similar trends were also observed when the values of the product of the volumetric heat capacity and the thermal conductivity were varied. Unlike the results of Case A, however, the value of scale factor increased only in the initial 30 h as the value of the product of the volumetric heat capacity and the thermal conductivity decreased when the ratio of the radius to pitch size was higher than unity. These results imply that the effects of the ground thermal properties (thermal conductivity and volumetric heat capacity) and the spiral coil configuration have to be considered simultaneously to determine the scale factor. were similar for the change in volumetric heat capacity. When the volumetric heat capacity was low, a dramatic change in the scale factor was observed at the initial stage. At the steady-state condition, at approximately 120 h, the scale factor increased with the increase in the volumetric heat capacity. This implies that the correlation between the volumetric heat capacity and performance of spiral-coil-type horizontal GHEs varies with time.
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Effect of Spiral Coil Configuration
Nine cases were considered in order to investigate the effect of the spiral-coil configuration with different coil radii and pitch sizes, as listed in Table 5 . 
Nine cases were considered in order to investigate the effect of the spiral-coil configuration with different coil radii and pitch sizes, as listed in Table 5 . Figures 8 and 9 describe the effect of the pitch size with identical ratios of the coil radius to the pitch size and the effect of coil radius when the pitch size is equal. The larger pitch size resulted in a higher scale factor when the volumetric heat capacity, thermal conductivity, and ratio of the pitch size to radius were equal. In addition, a higher scale factor was obtained for the larger radius when the volumetric heat capacity, thermal conductivity, and pitch size were equal. These results were caused by the different ground temperature surrounding the ground heat exchanger. When the spiral-coil-type GHE with a large coil radius was used, the distance between the coil source and the central line of the GHEs also increased. Since the ground temperature varied with the depth, the temperature of the ground surrounding the GHEs also changed with the coil radius. 9 describe the effect of the pitch size with identical ratios of the coil radius to the pitch size and the effect of coil radius when the pitch size is equal. The larger pitch size resulted in a higher scale factor when the volumetric heat capacity, thermal conductivity, and ratio of the pitch size to radius were equal. In addition, a higher scale factor was obtained for the larger radius when the volumetric heat capacity, thermal conductivity, and pitch size were equal. These results were caused by the different ground temperature surrounding the ground heat exchanger. When the spiral-coil-type GHE with a large coil radius was used, the distance between the coil source and the central line of the GHEs also increased. Since the ground temperature varied with the depth, the temperature of the ground surrounding the GHEs also changed with the coil radius. 
Development of the Scale Factor Model
According to the results of the parametric study, five factors, such as the thermal conductivity of the ground, volumetric heat capacity of the ground, radius of the coil, pitch size, and time, had a significant influence on the scale factor, among the initially considered factors shown in Table 1 . A total of 108 data sets were established using all combinations of the five factors, and then the scale factor models were developed using MATLAB (R2016a) software.
Artificial Neural Networks (ANN) Model
As the representative method of artificial intelligence (AI), the artificial neural network has been used in various fields, such as engineering, economics, mathematics, and medicine. It is inspired by the human brain structure, which consists of a large number (approximately 10 11 ) of highly connected elements called neurons. The function of the neural network is established by connections between the elements [41] . To ensure that the neural network performs a specific function, these weighted connections are adjusted to be stronger or weaker through the training (or learning) process. The artificial neural network consists of inputs, weights, total functions, activation functions, and outputs, as shown in Figure 10 . Figure 10 . Architecture of artificial neural networks in this study. 
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Artificial Neural Networks (ANN) Model
As the representative method of artificial intelligence (AI), the artificial neural network has been used in various fields, such as engineering, economics, mathematics, and medicine. It is inspired by the human brain structure, which consists of a large number (approximately 10 11 ) of highly connected elements called neurons. The function of the neural network is established by connections between the elements [41] . To ensure that the neural network performs a specific function, these weighted connections are adjusted to be stronger or weaker through the training (or learning) process. The artificial neural network consists of inputs, weights, total functions, activation functions, and outputs, as shown in Figure 10 . The number of neurons in the hidden layer was set to 20. Tangent sigmoid and liner functions were used as activation functions in the hidden and output layer, respectively. To avoid the overfitting problem, the regularization and early stopping technique were implemented in the neural network toolbox. In addition, the Bayesian regularization training function provides better generalization performance than early stopping technique when the data set is small [42] . Therefore, the Bayesian regularization training function was used in this study. Since the Bayesian regularization training function does not require the data for validation, the dataset was divided into a training dataset (80% of all datasets) and a testing dataset (20% of all datasets). Figure 11 shows the regression results of the developed ANN model. The correlation coefficient for the training, testing, and all datasets were 0.99975, 0.99976, and 0.99975, respectively. The number of neurons in the hidden layer was set to 20. Tangent sigmoid and liner functions were used as activation functions in the hidden and output layer, respectively. To avoid the overfitting problem, the regularization and early stopping technique were implemented in the neural network toolbox. In addition, the Bayesian regularization training function provides better generalization performance than early stopping technique when the data set is small [42] . Therefore, the Bayesian regularization training function was used in this study. Since the Bayesian regularization training function does not require the data for validation, the dataset was divided into a training dataset (80% of all datasets) and a testing dataset (20% of all datasets). Figure 11 shows the regression results of the developed ANN model. The correlation coefficient for the training, testing, and all datasets were 0.99975, 0.99976, and 0.99975, respectively. 
Linear Regression Model
A linear model containing an intercept, linear terms, and all the products of the pairs of distinct predictors (same as the five factors) was initially selected. After, some pairs of distinct predictors with estimated coefficients having a p-value higher than 0.05 were excluded because the p-value higher than 0.05 indicates that those predictors do not have a significant impact on the scale factor. Table 6 shows the final estimated coefficients and their p-values. The coefficient of determination for the linear regression model was also almost 1.0 (exactly, 0.99). The linear regression model for scale factor can be expressed as follows:
Scale factor = 0.56062 + 0.2345 + 7.2827 × 10 
Scale factor = 0.56062 + 0.2345k g + 7.2827 × 10 −8 C p,g ·ρ g − 0.69099p + 7.8501r −0.0010938t − 1.9364 × 10 −8 k g ·C p,g ·ρ g − 0.062123k g ·p −3.5181 × 10 −7 − 0.72633k g ·r − 9.2097 × 10 −7 C p,g ·ρ g ·r −2.5257p·r + 0.0092101p·t − 0.02712r·t 
Validation of Proposed Models
The four cases listed in Table 7 were used for validation of the proposed models. Figure 12 shows the variation of the mean transferred thermal energy, which was calculated using scale factors obtained from the proposed models and the numerical solution. The mean transferred thermal energy for the spiral-coil-type GHE could be calculated by multiplying the scale factor with the mean transferred thermal energy for the straight-line-type GHE. The results of the ANN and linear regression models are in good agreement with the numerical solutions. However, the ANN model provided a more accurate prediction than the linear regression model because the ANN is generally utilized to generalize the nonlinear relationships. 
Conclusions
In this study, the scale factor, which was defined by the ratio of the mean transferred thermal energy between the straight-line and spiral-coil-type horizontal GHEs, was investigated numerically. The effects of weather conditions, thermal properties of the ground, and the configuration of the spiral-coil-type ground heat exchanger were investigated in the parametric study, then scale factor models were suggested using an artificial neural network and a linear regression model. The following conclusions can be drawn from this study:

The effect of weather conditions on the scale factor is negligible because the maximum value of the average relative error was 0.507%.
The variation in the specific heat (from 560 J/(kg • K) to 1125 J/(kg • K)) and density (from 1250 kg/m 3 to 2500 kg/m 3 ) has no influence on the performance of the horizontal ground heat exchanger if the volumetric heat capacity is identical.  Depending on the specific ratio of the radius of the coil to the pitch size (approximately 1.0), the effect of the ground thermal properties (thermal conductivity and volumetric heat capacity) on the scale factor is different. As the thermal conductivity and the value of the product of the volumetric heat capacity and the thermal conductivity increase, the value of scale factor decreases when the ratio of the radius to pitch size is less than unity. The opposite trend is observed if the ratio is above unity. In addition, the correlation between the volumetric heat capacity and performance of the spiral-coil-type horizontal GHEs varies with time.  Different configurations (radius (from 0.1 to 0.5 m) and pitch size (from 0.1 to 0.5 m)) of the spiral-coil-type ground heat exchanger caused different heat transfer performances because of the different ground temperatures that developed surrounding the ground heat exchanger.
The main influence factors on the scale factor were determined to be the radius of the coil, pitch size, thermal conductivity of the ground, volumetric heat capacity, and time.
The results of the ANN and linear regression models are in good agreement with the numerical solutions. Due to the nonlinear relationship among the five factors, the ANN would be a more appropriate model than the linear regression model. The scale factor model could provide an alternative way to estimate the trench length for the spiral-coil-type HGHEs based on the length of a straight-line-type HGHE. However, vulnerability still exists due to the simplification of the real ground conditions in the model development. For more accurate estimation of trench length for the spiral-coil-type HGHEs, the consideration of ground as porous medium and complex heat transfer phenomena through convection and advection should be considered in future studies. 
Conclusions
•
The variation in the specific heat (from 560 J/(kg·K) to 1125 J/(kg·K)) and density (from 1250 kg/m 3 to 2500 kg/m 3 ) has no influence on the performance of the horizontal ground heat exchanger if the volumetric heat capacity is identical.
Depending on the specific ratio of the radius of the coil to the pitch size (approximately 1.0), the effect of the ground thermal properties (thermal conductivity and volumetric heat capacity) on the scale factor is different. As the thermal conductivity and the value of the product of the volumetric heat capacity and the thermal conductivity increase, the value of scale factor decreases when the ratio of the radius to pitch size is less than unity. The opposite trend is observed if the ratio is above unity. In addition, the correlation between the volumetric heat capacity and performance of the spiral-coil-type horizontal GHEs varies with time.
• Different configurations (radius (from 0.1 to 0.5 m) and pitch size (from 0.1 to 0.5 m)) of the spiral-coil-type ground heat exchanger caused different heat transfer performances because of the different ground temperatures that developed surrounding the ground heat exchanger.
The results of the ANN and linear regression models are in good agreement with the numerical solutions. Due to the nonlinear relationship among the five factors, the ANN would be a more appropriate model than the linear regression model. The scale factor model could provide an alternative way to estimate the trench length for the spiral-coil-type HGHEs based on the length of a straight-line-type HGHE. However, vulnerability still exists due to the simplification of the real ground conditions in the model development. For more accurate estimation of trench length for the spiral-coil-type HGHEs, the consideration of ground as porous medium and complex heat transfer phenomena through convection and advection should be considered in future studies.
